The relation between protein structural alterations and tissue dysfunction is a major concern as protein fibrillation and/or aggregation due to structural alterations has been reported in many disease states. In the current study, Fourier transform infrared microspectroscopic imaging has been used to investigate diabetes-induced changes on protein secondary structure and macromolecular content in streptozotocin-induced diabetic rat liver. Protein secondary structural alterations were predicted using neural network approach utilizing the amide I region. Moreover, the role of selenium in the recovery of diabetes-induced alterations on macromolecular content and protein secondary structure was also studied. The results revealed that diabetes induced a decrease in lipid to protein and glycogen to protein ratios in diabetic livers. Significant alterations in protein secondary structure were observed with a decrease in α-helical and an increase in β-sheet content. Both doses of selenium restored diabetes-induced changes in lipid to protein and glycogen to protein ratios. However, low-dose selenium supplementation was not sufficient to recover the effects of diabetes on protein secondary structure, while a higher dose of selenium fully restored diabetes-induced alterations in protein structure.
Introduction
In recent years research has been focused on the association between protein conformation and generation of diseases. Protein secondary structural alterations leading to the aggregation of proteins have been identified as protein conformational diseases, such as Alzheimer's, Parkinson's, and prion diseases. 1, 2 The protein deposits observed in these diseases interfere with tissue functioning and induce toxicity in cells. Researchers have also identified amyloid protein deposits with altered structure in the pancreatic tissues of type II (non-insulin dependent) diabetic subjects; therefore type II diabetes mellitus (DM) can also be considered as a protein conformational disease. 3, 4 Limited number of studies have also indicated that there are changes in protein structure in type I (insulin dependent) DM in different tissues and membranes. [5] [6] [7] [8] DM is a major endocrine disorder and a growing health problem in the world, characterized by hyperglycemia resulting from inadequate insulin secretion and/or diminished tissue responses to insulin. As it causes abnormalities in carbohydrate, fat, and protein metabolism, DM affects nearly all of the organs and systems in the body. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] As a result of the altered metabolic state in DM, many tissue-specific cells are continuously subjected to insult from reactive oxygen species (ROS). 16 The generation of ROS in an uncontrolled fashion causes significant reversible or irreversible damage to a wide range of biological molecules, which can be used in the classification and diagnosis of the disease, even at very early stages. 6, 17 The overproduction of ROS in tissues is generally counterbalanced by the activity of enzymes in the antioxidant defense system, such as superoxide dismutase and glutathione peroxidases (GSH-Px). Liver is the central organ for the control of metabolism and glucose homeostasis in the body, as it houses some key enzymes in lipid, carbohydrate, and protein metabolism and reported to be one of the tissues most affected from the oxidative stress conditions in DM. 12 Being a part of the redox-active center of functional selenoproteins, such as GSH-Px and thioredoxin reductases, 18, 19 selenium is an essential trace element that plays an important role in antioxidant defense mechanism of the body. Supplementation of selenium was reported to be beneficial in the prevention of cardiovascular and neurodegenerative diseases, delay of aging, functioning of the immune system, and prevention of certain forms of cancer. [20] [21] [22] Although it was reported to have insulin-mimetic and antidiabetic action for many years in animal studies, 9, 18, 23 recent epidemiological research demonstrated that persistent high serum levels of selenium may increase the risk of developing type II DM and hyperlipidemia. [24] [25] [26] Pathological conditions cause alterations in macromolecular properties in tissues, which can be successfully monitored by Fourier transform infrared (FTIR) spectroscopy and microscopy. [27] [28] [29] [30] These vibrational spectroscopic techniques are becoming increasingly powerful and efficient tools to analyze protein secondary structural alterations 31 and have exhibited their increasingly important role in the field of characterization of several diseases, [6] [7] [8] 11, [32] [33] [34] [35] even in the early stages.
In the current study, the changes in protein secondary structure and macromolecular content of type I diabetic rat liver tissues were investigated for the first time in comparison with healthy rat liver tissues using FTIR microspectroscopy. In addition, the role of selenium in the recovery of diabetes-induced alterations in rat liver tissues was studied. Protein secondary structure was determined by neural network (NN) analysis basen on amide I absorbtion band as reported previously. 8 Type I DM was induced by the administration of streptozotocin (STZ). STZ is a commonly used agent in the induction of DM by the specific destruction of pancreatic β-cells, which corresponds with type I DM conditions. 36 Its effective usage to induce type I DM in animal models has been proven in the literature since treatment with insulin recovers almost all alterations caused by STZ-induced DM, i.e., the altered parameters of calcium sparks in cardiomyocytes, 37 impaired endotheliumdependent relaxation in the rat aorta, 38 impaired mechanical properties and thermal stability of rat tail tendon, 39 altered substance P levels in sciatic nerves of rats, 40 and alterations in tissue antioxidant status. 41 2 Materials and Methods 2.1 Reagents STZ (S0130), citric acid (251275), sodium citrate monobasic (71497), and sodium selenite (S5261) were purchased from Sigma (Sigma Chemical Company, Saint Louis, Missouri, USA) at the highest grade of purity available varying in between 98% and 99.5%.
Rat Model of Type I DM and Selenium Administration
Male Wistar rats (200 to 250 g) were randomly selected and fed with a standard maintenance diet ad libitum. The rats were kept at an ambient air temperature of 22°C and with a 12-h light, 12-h dark cycle. All of the procedures used in this study were approved by University Ethics Committee. The rats were divided into four groups, namely control (n ¼ 6), diabetic (n ¼ 6), low dose selenium treated diabetic (n ¼ 5), and highdose selenium treated diabetic (n ¼ 4). DM was induced by a single intraperitoneal (i.p.) dose of STZ (50 mg∕kg) injection dissolved in 0.05 mol∕L citrate buffer (pH 4.5). Control rats received a single i.p. dose of citrate buffer (0.05 mol∕L, pH 4.5). Six hours after STZ administration, the diabetic group received a single dose of 5% dextrose solution in order to prevent mortality due to hypoglycemic shock. Blood glucose levels were measured after three days, and those with glucose levels below 300 mg∕dl were not considered as diabetic.
After the induction of DM, the animals in the selenium treated groups were injected with 1 μmol∕kg∕day (low dose) and 25 μmol∕kg∕day (high dose) sodium selenite i.p. for 5 weeks. During this period, physiological saline solution was administered to the rats in diabetic and control group. At the end of the fifth week, the rats were decapitated; their livers were removed and kept at −80°C until use.
Sampling for FTIR Imaging Studies
Twelve-μm thick tissue sections from the livers were obtained using a cryotome (Shandon, USA) and were directly transferred onto commercially available IR transparent calcium fluoride (CaF 2 ) windows (Korth Kristalle GmbH, Altenholz, Kiel, Germany) and allowed to dry at room temperature overnight. Two different regions per section were selected for FTIR imaging studies from each group.
FTIR Imaging
FTIR images were acquired using an FTIR spectrometer (model 670; Agilent Technologies Inc., Santa Clara, CA, USA) coupled to an infrared microscope (model 620; Agilent) using a 15 × objective and fitted with a liquid-nitrogen-cooled MCT 64 × 64 element-focal-plane array detector. The FTIR system was controlled by IBM compatible PC running Resolution Pro software (Agilent). The absorbance spectra were acquired in transmittance mode at a spectral resolution of 8 cm −1 with 64 scans co-added. The system enabled 4096 spectra to be acquired from a sample area of approximately 350 μm 2 in 2 min. Each pixel corresponded to an area of 5.5 × 5.5 μm 2 . Background scans were acquired and subtracted from the sample spectrum.
Data Processing and Analysis for FTIR Microspectroscopy
The resulting FTIR images were processed using CYTOSPEC v.1.4.02 [http://www.cytospec.com] imaging software packages. A quality test of the raw spectral data was performed to check for water vapor and for specific bands of the tissuefreezing medium. Low-absorbance spectra with poor signalto-noise ratios in spectroscopic images were removed, since they correspond to positions outside the tissue, near holes, fissures, or margins. The thickness quality test was used to eliminate spectra of samples that were too thick or thin. The intensity of the amide I band was used to determine the quality of sections. All spectra that passed the quality test were subsequently offset corrected and baseline corrected. The chemical images for visual presentation were constructed based on band area ratios.
Processed spectral data sets were used to obtain average spectra, which were then imported into OPUS 5.5 software (Bruker Optics, Germany) and further data analyses of band areas were performed using this program. In order to understand whether scattering phenomenon interferes with the data, resonant Mie scattering correction was applied to the average spectra imported from the images. Since similar spectra were obtained after this correction, native spectra were used for further data analysis without Mie scattering correction. Band area values were calculated using a linear baseline from 3100 to 2750 cm −1 and from 1780 to 950 cm −1 for C-H stretching and fingerprint regions, respectively. The lipid to protein ratio was obtained by calculating the ratio of the area of the C-H stretching region (integrated area under the region from 3000 to 2800 cm −1 ) to the area under the amide I band (integrated area under the region from 1700 to 1600 cm −1 ). The C-H stretching region contains a band that mainly originates from proteins (CH 3 symmetric stretching band). 8, 42 However, since this band is very weak, the C-H region can be considered as a lipid region. 43 In order to quantitatively investigate the changes in glycogen content with respect to protein content; the area under the region from 1180 to 975 cm −1 was divided to the area of the amide II band (integrated area under the region from 1590 to 1480 cm −1 ) of proteins. To obtain information on the variation in protein structure, the amide I/amide II ratio was calculated by dividing the area under the amide I band to that of amide II band. 44, 45 Alterations in protein secondary structures were predicted using NN models, which have been obtained to predict αhelix and β-sheet contents in 1700 to 1600 cm −1 spectral region of the FTIR spectra, as described before. 46 Two-layer NNs, having one hidden layer and one output layer, were first trained with a reference data set containing FTIR spectra of 18 water soluble proteins with known secondary structure. 46 In order to obtain NNs that can generalize well when trained with such a small set of reference data, the number of inputs had to be reduced. Discrete cosine transform (DCT) of the normalized spectra was obtained for the purpose of compaction of data. Bayesian regulation was used to train the NNs. The training process yielded NN models whose structures were optimized in terms of the number of inputs, number of hidden units, and the threshold for sum-squared errors. The resulting optimized network for alpha-helix structure had 12 inputs (12 DCT coefficients), a hidden layer with two neurons, and an output layer with one neuron. For beta-sheet structure the network had 19 inputs, two hidden neurons, and one output neuron. For both structures, a sigmoid transfer function was used in each layer. To predict the secondary structure contents of the new proteins from the measured FTIR spectrum, the NNs were driven by the required number of DCT coefficients of the normalized spectrum. To increase prediction accuracy, the above-described procedure was repeated 200 times and the most likely value of the output (the mode of the histogram) was accepted as the prediction.
For principal component analysis (PCA), the average spectra extracted from images of each group were imported into MATLAB (Mathworks Inc.) and PCA was performed within the regions from 1200 to 1050 cm −1 (glycogen) and from 1600 to 1500 cm −1 (amide II) using the average absorbance spectra and in the region from 1700 to 1600 cm −1 (amide I) utilizing the first derivative spectra, as described previously. 47 The PCA software was developed in the laboratory of Eric Goormaghtigh, who generously supplied it to us. PCA is a statistical method that enables the reduction of data. The method transforms the original large set of variables to a new set of uncorrelated small number of variables called principal components (PCs). These components are independent of each other, and the first PC has the maximum variance. The reduction of data provides a new coordinate system where axes (PCs) represent the characteristic structure information of the data along different eigenvectors retaining as much of the information in the original variables as possible. This enables the spectra to be described as a function of specific properties, and not a function of intensities. 47 The outcome of the analysis can be presented as scatter plots.
Statistics
The results were expressed as means AE standard error of mean for each group. The differences in the means of the groups were compared by student t-test using the Minitab Statistical Software Release 3.0 program (State College, PA, USA). p values equal to or less than 0.05 were accepted as significantly different from the control group. The degree of significance was denoted as p < 0.05Ã, p < 0.01 Ã Ã, p < 0.001 Ã ÃÃ.
Results and Discussion
Growing evidence emphasizes the relation between alterations in protein structure and pathogenesis of many disorders 1,2 including type II DM. 3, 4 Accordingly, this current study was conducted to assess the protein secondary structural changes in STZ-induced type I diabetic rat liver, together with the alterations in macromolecular content, using FTIR microspectroscopy. In addition, the role of selenium supplementation in the recovery of diabetes-induced alterations in protein structure and macromolecular content with respect to that of proteins, such as lipid to protein and glycogen to protein ratios, was investigated. Figure 1 shows the average FTIR spectra of control liver tissues in 4000 to 900 cm −1 region. The main bands are labeled in the figure and the band assignments are given in Table 1 . Figure 2 shows the avarage FTIR spectra of control, diabetic, low-and high-dose selenium treated diabetic rat liver tissues in 1800 to 900 cm −1 region. The figure reveals there are prominent differences between the avarage spectra belonging to the different groups, especially in 1200 to 1050 cm −1 region. Subtle changes in band shape, band position, band intensity, and/or area of vibrational bands represent changes in concentration, composition, and structure of biomolecules, respectively. Based on these spectral differences, the PCA analysis of data differentiated the control from the diabetic group both in 1200 to 1050 cm −1 and amide regions (Fig. 3) .
The relative concentrations of the functional groups belonging to different macromolecules were determined by measuring the area under the related absorption bands. 5, 6, 42 Figure 4 shows the photomicrograph of unstained tissue (a) and the chemical images demonstrating the distribution of (b) lipid to protein (amide I) ratio (c) glycogen to protein (amide II) ratio, and (d) amide I/amide II ratio of control, diabetic, low and high dose selenium treated diabetic groups, respectively. The changes in the ratio of the band areas of the mentioned infrared absorptions are shown in Table 2 . The values of lipid/protein and glycogen/protein ratios were significantly decreased (p < 0.001) for the diabetic group compared to the control [ Table 2 , Fig. 4 (b) to 4(c)]. This decrease might be due to either the prominent increase in protein or decrease in lipid and glycogen content as also observed in the current study (data not shown).
The changes in protein content and structure can be monitored by analyzing the main protein bands, amide I and II, which are centered at 1655 and 1542 cm −1 , respectively. 31 Amide I band originates mainly due to the C ¼ O stretching (80%), with little contribution from the C-N stretching vibrational modes (10%) that are weakly coupled with the N-H bending (10%) of the polypeptide and protein backbone; whereas amide II band is assigned to the N-H bending (60%) and the C-N stretching (40%) modes of proteins (Table 1) . 48 Since these bands originate from different vibrations of protein structure and depend on the protein structural composition, 42 amide I (mainly C ¼ O stretching) to amide II (mainly N-H bending) area/intensity ratio can be used to obtain a rough estimation of the presence of possible changes in protein structure and conformation. 42, 44, 45, 50 There was a significant decrease (p < 0.01) in the ratio of the areas of amide I to amide II bands in the diabetic group [ Fig. 4(d) ], revealing a change in protein structure in diabetic liver. Recent studies also reveal that diseased tissues show a change in the percentage of protein secondary structures and/or a reduced ratio of amide I to amide II when compared with normal tissue. 42, 51 In order to better understand and comment on the changes in protein secondary structure, a more precise method, namely NN approach, 7, 42, 52 which is based on amide I absorption, (1700 to 1600 cm −1 ) was used in the prediction of diabetes-induced protein secondary structure alterations and to investigate the effect of selenium treatment on protein secondary structure. NN results revealed a significant decrease in α-helical (p < 0.01) and the increase in total β-sheet content (p < 0.05) in diabetic group with respect to the control group (Table 3) .
These results demonstrated a transition in protein conformation in diabetic liver from α-helical to β-sheet structures, which Table 1 Band assignments of major absorptions in IR spectra of control liver tissue in 4000 to 900 cm −1 region.
Peak No
Wavenumber (cm −1 ) Definition of the spectral assignment 8 Fig. 2 The average micro-FTIR spectra of control, diabetic, low-dose selenium (LDSe), and high-dose selenium (HDSe) treated diabetic liver tissues in 1800 to 900 cm −1 region (spectra were normalized with respect to amide I band).
is a generally observed phenomenon in protein conformational diseases 53 together with an increase in cross β-structures in proteins. 54, 55 A similar increase in β-sheet structures was also observed in protein deposits in the islets of pancreas tissues from autopsies of type II DM patients; however proteins in the areas of the pancreas without amyloid deposits had predominantly an α-helical structure. 56 Apart from pancreatic tissue, Mahmoud 57 reported a higher content of β-sheet structures, together with a reduced content of β-turns, in erytrocyte membranes of type II DM subjects having higher glycemic levels. This shift from α-helical to β-sheet structures in protein conformation was also previously reported in STZ-induced diabetic rat skeletal muscle 8 and heart. 6, 7 Taken together, these findings demonstrate that the alterations in protein structure in DM take place not only in the pancreas but also in different tissues. These alterations can originate from structural rearrangements of already existing proteins or may be a result of the expression of new types of proteins with altered structure. 7 One possible mechanism for the structural rearrangements in proteins may be the increase in lipid peroxidation in diabetes, as malonaldehyde, a lipid peroxidation by-product, was reported to alter protein structure. 58 Since protein insolubility increases with the increase in β-sheet content, 57 it should also be noted that the changes in protein structure and the increase in β-sheet structures may lead to the denaturation and aggregation of proteins in diabetic liver; however, further studies are needed for the identification of any possible protein deposits. In recent years, research has been focused on the antidiabetic action of selenium. In most of the studies, daily selenate or Fig. 3 PCA analysis of the FTIR spectra of liver tissues in control (red), diabetic (green), low-dose treated diabetic (black), and high-dose treated diabetic (blue) groups in (a) 1200 to 1050 cm −1 (glycogen), (b) 1700 to 1600 cm −1 (amide I), (c) 1600 to 1500 cm −1 (amide II) regions. Average absorbance spectra were used to construct the PCs except for amide I region, where first dervative spectra were utilized. The percentages between brackets represent the proportion of variance held in the principal components. Fig. 4 Photomicrograph of unstained tissue (the black box outlines mapped area) (a), and FTIR chemical images (image size 64 × 64 pixel, the measurement area 350 × 350 μm) demonstrating the distribution of lipid to protein ratio (b), glycogen to protein ratio (c), and amide I/ amide II ratio (d) of control, diabetic, low dose selenium (LDSe) and high-dose selenium (HDSe) treated diabetic liver sections. Colorbar indicates ratio gradient from low to high. Some pixels were omitted after quality testing (shown in black). Absorbance intensity ratios of FTIR images are proportional to color changes as shown in the color bar: blue (lowest) and red (the highest). Scale bar: 50 μm. selenite administration effectively improved glucose homeostasis in rats with STZ-induced type I DM with considerable changes in antioxidant enzyme activities and the expression of glycolytic and gluconeogenic enzymes. 23, 59 It was also reported to improve whole-body insulin sensitivity in type II diabetic db∕db mice by significantly increasing the total liver lipid and liver triglyceride concentration. 18 The findings in this current study revealed an increase in lipid to protein and glycogen to protein ratios upon selenite treatment, which indicates a recovery effect of selenium (Table 2 ). This might be related to an increase in the lipid and glycogen contents. Indeed in the current study, we observed an increase in the lipid content from 17.41 AE 0.37 in diabetic group to 18.78 AE 1.14 in lowdose selenium and to 20.33 AE 1.40 in high dose selenium treated diabetic groups. There was also an increase in glycogen content revealed by the calculated glycogen areas as 10.38 AE 0.66 in diabetic, 15.50 AE 4.43 in low-dose selenium and 17.45 AE 3.31 in high-dose selenium-treated diabetic groups. It is interesting that, although no recovery effect of selenium was observed in the lipid content, the ratio of lipid to protein content was restored to the level of control (Table 2 ). This is an important observation because the lipid to protein ratio is a critical factor directly affecting the preferred macromolecular distribution for proper membrane functioning. 8 Although selenium compounds were reported to have antidiabetic effects, there are some conflicting results in the literature as recent epidemiological studies point out that persistent high-plasma selenium levels can increase the prevelance of type II DM and hyperglycemia. 19, 24, 25 It is well established that antioxidants may have toxic effects at high doses; for instance, administration of higher doses of selenite (500 μM) causes degeneration and necrosis of hepatocytes leading to the impairment of metabolic functions of the liver. 60 The recommended uptake for the physiological action of selenium is 0.15 to 0.30 mg∕kg dietary dry matter for animals, and the minimum lethal dose for selenium compounds varies from 2.0 to approximately 5.0 mg∕kg body weight. 26 It was reported that signs of toxicity of selenium/sodium selenite are observed when doses above 5 mg∕kg are administered to animals. 61, 62 The results of this current study revealed that the 1 μmol∕kg dose (corresponding approximately to 0.17 mg∕kg, physiological dose) of selenium recovers diabetes-induced changes in lipid to protein and glycogen to protein ratios [ Table 2 , Fig. 4(b) and 4(c) ]. This dose, however, was not sufficient to restore the alterations in protein secondary structure (Table 3) . Nevertheless, 25 μmol∕kg dose (corresponding approximately to 4.3 mg∕kg, around the limit of minimum lethal dose) selenium administration restored the changes in lipid to protein and glycogen to protein ratios together with the alterations in protein secondary structure [ Table 2 , Table 3 , Fig. 4 (b) to 4(d)]. These findings can also be observed in the PCA score plot of the region from 1200 to 1050 cm −1 originating from glycogen [ Fig. 3(a) ], which reveal that seleniumtreated groups are segregated from diabetic group and tend to be grouped more close to the control. In addition, the PCA analysis of the amide I and II region [ Fig. 3(b ) and 3(c)] demonstrated that both doses of selenium have restoring effect, more prominently at high dose. This recovery effect of selenium on protein structure at a higher dose might be due to its effective antioxidant action on lipid peroxidation, since the relation between lipid peroxidation and protein secondary structural alterations has been previously reported. 58 Supporting this observation, Sheng et al. 63 has also observed that a similar high dose of selenium (4 mg∕kg) treatment decreased lipid peroxidation level by increasing GSH-Px activity in the red blood cells of alloxan induced-diabetic mice.
Conclusion
This study was the first to report the alterations in protein structure in STZ-induced diabetic rat liver tissues, where a decrease in α-helical structures together with an increase in β-sheet content was observed. This is one of the common characteristics of conformational diseases, which eventually lead to protein aggregation. In order to depict any possible protein deposits, further studies are needed. The findings of this study also suggest that, although supplementation of selenium at a low dose (physiological dose) was able to recover diabetes-induced changes in lipid to protein and glycogen to protein ratios, it was not sufficient to reinstate the alterations in protein secondary structure. On the other hand, higher doses of selenium was needed to achieve a satisfactory antioxidant effect to restore normal protein structure together with the restoring effect both in lipid to protein and glycogen to protein ratios. Table 3 The results of the changes in protein secondary structure for control, diabetic, low-dose selenium (LDSe) treated diabetic, and high-dose selenium (HDSe) treated diabetic livers obtained from NN predictions based on FTIR data in 1600 to 1700 cm −1 spectral region (amide I band).
Functional groups
Control (n ¼ 6) Diabetic (n ¼ 6) LDSe (n ¼ 5) HDSe (n ¼ 4) The degree of significance was denoted as p < 0.01.
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